This report describes the most recent meeting comparing several imaging technologies (optical coherence tomography [OCT] , stereoscopic optic disc photography, scanning laser polarimetry [SLP] , and confocal scanning laser ophthalmoscopy [CSLO] ) for assessing structural changes related to glaucoma progression and treatment. The conference objectives were to advance the understanding of these technologies and instruments, including their relationship to visual function and their role in diagnosing and treating different stages of glaucoma.
The meeting was the fourth in a series in which the vision community and FDA convened to discuss the FDA requirements for adding new endpoints to the evaluation of ophthalmic treatments and products. The first occurred in 2006 and concerned endpoints and clinical trial strategies for evaluating new treatments for age-related macular degeneration (AMD) and diabetic retinopathy. 5 The second, as stated, was about clinical trial design and endpoints for evaluating glaucoma treatments. 1 The third concerned the use of patient-reported outcomes (PROs) in medical product development. 6 
OUTCOME AND IMPORTANCE OF THE 2008 MEETING
The major understanding established between the vision research community and the FDA at the 2008 meeting was that the FDA is open to using structural endpoints in clinical trials of new glaucoma drugs provided that the structural measures predict clinically relevant functional change. (See FDA CDER's Guidance for Industry: Qualification Process for Drug Development Tools. 7 ) Dr. Chambers suggested that researchers consider (1) whether structural measures will be more consistent and less variable than visual function measures; (2) whether a strong correlation exists between a structural measure and predictability of either current visual function or future visual function; and (3) whether the new approach will be beneficial to patients.
The ophthalmic community as a whole considers it critically important to follow up on this opening from the FDA. New or more endpoints are needed to shrink the cost and duration of clinical trials, to reduce the number of study subjects needed, and, most importantly, to bring better therapies to the public faster.
Measurements of intraocular pressure and standard visual fields are the endpoints generally accepted by the FDA in evaluations of new therapies for glaucoma. Recently, we have seen that structural changes (e.g., in the optic disc measured by stereophotography) predict standard visual field outcomes. 8 Moreover, improvements in imaging technologies are producing structural data that are more consistent, which should allow for reliable comparisons in evaluating optic nerve and retinal nerve fiber changes in glaucoma.
Presenters focused on one or more of the three questions posed by the organizers:
1. What are optimal criteria for measuring the rate of tissue loss and defining progressive structural events? 2. What is statistically significant structural change, considering the known variability of each technique? 3. How does structure predict clinically relevant functional outcomes (structure-function relationships)?
THE FDA'S PERSPECTIVE ON ACCEPTABLE GLAUCOMA CLINICAL TRIAL ENDPOINTS
Two FDA leaders, whose offices are responsible for approving ophthalmic drugs and devices, described the past and present use of structural and functional endpoints in glaucoma drug and device clinical trials: Wiley Chambers, MD, Acting Director of the Division of Anti-infective and Ophthalmology Products of the FDA CDER, and Malvina Eydelman, MD, Director of the Division of Ophthalmic, Neurologic and Ear, Nose, and Throat Devices in the FDA Office of Device Evaluation, Center of Devices and Radiologic Health. According to Dr. Chambers, when studying the safety and efficacy of new ophthalmic drugs, the FDA evaluates patients' visual function-such as visual fields, color vision, visual acuity, or contrast sensitivity. The FDA accepts that, if unchecked, degradation of these parameters will predict worsening of functional vision that will affect the patient in the real world. The FDA recognizes inherent limits to threshold methodologies and to functional tests that patients learn easily and improve in performing over time. To reiterate, at this meeting the participants addressed the relationship of structural endpoint measures to visual function and the role of structural endpoints, like functional endpoints, as surrogates for assessing glaucoma therapies in clinical trials.
Dr. Chambers agrees that structural measurements could replace visual function, although no structural endpoints are currently used for glaucoma. Structural endpoints may be more consistent than functional endpoints and are not affected by a learning curve. The FDA would like a structural endpoint to show a strong correlation (R 2 Ϸ 0.9) to current vision or future vision (gain or loss). A high R 2 is predictive of future outcomes, indicating that if a given event occurs, then another well-defined event is highly likely to follow.
The FDA allows structural endpoints in other areas of ophthalmology. These areas relate to preventing retinal detachment, to preventing advancement of cytomegalovirus retinitis, and to the three-step progression used in the Early Treatment Diabetic Retinopathy Treatment Study (ETDRS). The FDA is open to considering structural endpoints that involve nerve fiber layer and optic disc changes.
For structural endpoints to be acceptable for the evaluation of medical products for the treatment of glaucoma, a few questions must be addressed:
• Which methodologies best provide reproducible measures of clinically significant changes?
• How much of a change is clinically significant? Which changes correlate highly with current deficits in visual function? What change in vision would be expected to occur due to this structural change?
• How long do the changes have to be present to cause a change in visual function? Which changes correlate highly with or are predictive of deficits or decline in visual function? When would a change in vision be expected to occur due to this structural change?
The FDA CDER is prepared to consider structural tests that researchers propose and validate for studying glaucoma.
Dr. Eydelman discussed the regulatory history of diagnostic and therapeutic devices used in glaucoma management. Diagnostic devices regulated by the FDA include tonometers and fundus cameras, standard automated perimeters (SAPs), shortwavelength automated perimeters (SWAPs), frequency-doubling technology (FDT) perimeters, scanning laser polarimeters (SLPs), confocal scanning laser ophthalmoscopes (CSLOs), and optical coherence tomographs (OCTs).
Most therapeutic glaucoma devices currently regulated by the FDA fall into two major categories: lasers and implantable glaucoma drainage devices. Therapeutic glaucoma drainage device trial endpoints are driven by the sponsor's "statement of indications for use"-in other words, the purpose for which and the patient population on which the sponsor intends the device to be used. Glaucoma lasers, such as Nd:YAG, argon, and diode, have indications that include laser trabeculoplasty, iridotomy, and cyclophotocoagulation. Before marketing, lasers must show substantial equivalence to a legally marketed predicate device and be cleared via the FDA 510(k) process.
The most commonly used outcome measure of clinical trials of glaucoma drainage devices is intraocular pressure (IOP).
Structural and functional measures have not been used as primary endpoints. Dr. Eydelman indicated that the main reason functional and structural measures have not been used is because they have not been proposed. The sponsor of a submission to the FDA proposes the indications for use of the device for which the sponsor would like to seek marketing approval or clearance. Glaucoma drainage devices, which have been indicated for reducing IOP in patients with glaucoma, provide a good example. Because sponsors have not pursued treatment of glaucoma itself as an indication, they have not had to show that their devices can retard the progression of glaucomatous optic neuropathy. Reducing IOP is a surrogate endpoint of value in glaucoma, but not itself a measure of structural or functional glaucomatous optic neuropathy. Demonstrating with clinical performance data that glaucoma drainage devices retard the progression of glaucomatous optic neuropathy would be required for a sponsor to include this claim in the device indication or label.
OPHTHALMIC DEVICES FOR ASSESSING STRUCTURAL ENDPOINTS
Symposium presenters described evidence for using structural endpoints from OCT, stereophotographs, SLP, and CSLO in glaucoma clinical trials as surrogates for changes in visual function.
Advances in ophthalmic imaging technology have improved the ability of researchers and clinicians to measure optic disc and retinal nerve fiber layer (RNFL) changes in eyes of patients with glaucoma. Each technology has advantages and limitations, and each employs different principles to obtain its respective measurements of the optic nerve.
Requirements for a surrogate endpoint would be biological plausibility and strong association between the surrogate and functional outcome, remembering that the gold standard metric for function-standard white-on-white automated perimetry-is itself a surrogate. Further, the effect of treatment on the surrogate endpoint would have to predict the effect on a clinically relevant outcome. Still further, there would have to be a favorable risk-benefit profile associated with the treatment.
Optical Coherence Tomography
OCT measures the intensity of reflected light from interference patterns and calculates tissue thickness based on cross-sectional data. During the past 20 years, OCT technology has advanced from a single A-scan taking ϳ1.3 seconds 9 to a technology that can perform more than 300,000 scans per second and from the commercially available time-domain (TD)-OCT to the more robust spectral-domain (SD)-OCT. Coupling with advanced software provides reproducible data on the optic nerve, peripapillary RNFL, and macular ganglion cell complex (GCC). OCT images of disease states can be analyzed in three dimensions, compared with normative data, and studied for clinically relevant changes.
An obviously important question, as pointed out by Joel Schuman, MD, is how structural changes measured with OCT correspond to clinically significant functional changes in patients with glaucoma. Several studies show that progressive loss of the RNFL measured by OCT corresponds to progressive visual field loss and, further, that sometimes OCT anatomic changes may be detected earlier than SAP functional changes. In one study, over a period of approximately 5 years, OCT showed progression in 22% of patients, whereas visual field tests revealed progression in only 9%, suggesting a greater sensitivity for detecting glaucomatous progression using OCT. 10 Moreover, OCT of the RNFL discriminates between "progressors," meaning eyes shown by visual field tests and/or stereoscopic optic disc photographs to be worsening, and "nonprogressors," meaning eyes that remained stable. Further, the actual rate of loss of RNFL in progressing eyes was shown to be significantly greater than in nonprogressing eyes. 11 In other words, there was a correspondence between structural and functional measures; and in certain circumstances, OCT can outperform standard technologies and possibly detect glaucoma progression earlier.
As Christopher Leung, MD, aptly described, OCT is useful for detecting progression of glaucoma when the difference between baseline and follow-up measurements exceeds the variability of the instrument. With the newer and more sophisticated SD-OCT compared to the older TD-OCT, variability is greatly reduced. As an example, intervisit variability of the average RNFL thickness for the TD-and the SD-OCT has been shown to be approximately 11 and 5 m, respectively (95% CI). 12 Additional evidence suggests that variability may not differ among the stages of glaucoma. 13, 14 A prospective study with multiple OCT measurements obtained from 45 normal individuals and 43 glaucoma patients in various stages showed that there is no association between intervisit RNFL measurement variability and the mean RNFL thickness. 13 Glaucoma is not the first condition for which Dr. Chambers has been consulted with respect to the use of OCT for measuring retinal changes in clinical trials. He has been consulted about macular edema related to multiple sclerosis. Novartis (Basel, Switzerland) was seeking approval of Gilenya capsules (fingolimod) for delaying disability progression in patients with relapsing forms of multiple sclerosis (MS). FDA supported the use of OCT as a safety measure for monitoring macular thickness in treated patients. However, according to Dr. Chambers, retinal thickness in the fingolimod trial did not by necessity predict visual acuity; in glaucoma clinical trials, the FDA wants structural endpoints to show a strong correlation to current or future visual function.
In glaucoma, questions remain about the course of change in slow and fast progressors, about whether one group responds to interventions differently than the other, and even about the long-term rate of change in the RNFL in normal subjects.
Stereoscopic Optic Disc Photographs
Stereoscopic optic disc photographs are commonly used in practice to image the optic disc. A recent study of patients with suspected glaucoma showed the capacity of stereophotography to predict visual function. Researchers followed up, for an average of 8 years, 639 eyes of 407 patients, all of whom had normal visual fields at the study's outset. 8 Progressive optic disc changes were detected by stereophotography in 15% (96) of eyes during follow-up. Of these, 66% (63) underwent SAP visual field conversion. In contrast, of the 543 eyes that had no evidence of disc damage, only 6% (32) showed visual field loss during the follow-up period. Progressive optic disc change was strongly predictive and, in fact, was the most important predictive factor for development of visual field loss, with a coefficient of determination (R 2 ) of 0.79. R 2 for other predictive factors such as IOP, corneal thickness, and other baseline variables ranged from only 0.06 to 0.26. These results support a structural surrogate (optic disc change by stereoscopic photography) as a strong predictor of a functional endpoint (visual field loss by SAP).
Stereoscopic disc photography has limitations. It describes qualitative, not quantitative, changes and, therefore, estimates of rates of change are subjective. Its ability to detect change depends on the quality of the photograph, and reading centers are necessary to standardize readings and reduce the effect of interobserver variability.
Scanning Laser Polarimetry
SLP (GDx; Carl Zeiss Meditec, Dublin, CA) is used to evaluate peripapillary RNFL thickness. It uses polarized light directed into the back of the eye to measure birefringence, a surrogate for RNFL thickness. Microtubules of the ganglion cell axons are the major contributors to birefringence. SLP is able to detect and measure the size and depth of RNFL defects resulting from the decline in ganglion cells axons. The technology is specific to glaucoma and other optic neuropathies.
SLP has been shown to recognize early RNFL loss. 15, 16 TSNIT average (equivalent of RNFL thickness)-referring to a temporal-superior-nasal-inferior-temporal scan pattern along a path that begins superiorly and ends temporally-is reported to be the most reproducible SLP parameter with a withinsession coefficient of 2.5 mm, and a between-session repeatability of 4.7 mm. This test-retest reliability indicates that a difference between successive measurements exceeding these values can be attributed to true tissue RNFL loss. 16 Software developed for the GDx provides guided progression analysis (GPA), both globally and by sector. Agreement has been reported between the structural changes detected by SLP and the functional changes detected by perimetry. 17 The cutoff criteria for progression used in this analysis are based on measurement variability derived from the population or from the individual tested eye. The newest version of SLP, GDx ECC (enhanced corneal compensation), demonstrates the structure-function relationship more strongly than the earlier VCC version. 18 Rates of RNFL progression can be estimated.
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Confocal Scanning Laser Ophthalmoscopy
CSLO (HRT; Heidelberg Engineering, Heidelberg, Germany) measures the intensity of reflected light at various depths and reconstructs optic disc surface topography. Ideally, progressive glaucomatous structural damage would be measured as a structural change in the neural rim area that is greater than that which occurs with normal aging and that predicts functional visual field damage. Research using CSLO has shown that small age-related changes occur in normal controls at a significantly slower rate than in patients with glaucoma. 20 The rate of change in normal controls could be the backdrop against which significant rate-or event-based change is measured by the CSLO for predicting functional change in glaucoma patients.
We also know, from the Confocal Scanning Laser Ophthalmoscopy Ancillary Study to the Ocular Hypertension Treatment Study (OHTS), that structural change based on a baseline measure can predict future glaucomatous visual field progression. 21 Researchers have shown that the mean rate of rim loss in eyes that develop glaucoma visual field endpoints is five times faster than in eyes that do not develop glaucoma (Zangwill LM, Jain S, Dirkes K, et al., unpublished data, 2011). 21 Unfortunately, Venn diagrams reveal modest overlap in CSLO structural and visual field measures; quite possibly the tests detect different aspects of change that may not be perfectly synchronous. Regardless of the imaging technology used, a structural endpoint would qualify as a surrogate for a functional endpoint in identifying treatment effect only if a change in structure strongly predicts the change in function and, also, if the structure is responsive to the studied treatment.
Another unanswered question regards how structural and functional endpoints would be affected by the severity of glaucoma. In more advanced disease, nonneural tissue may be involved and factor into measurements.
REGULATION OF OPHTHALMIC DEVICES USED IN THE MANAGEMENT OF GLAUCOMA
It is important for medical device users and manufacturers alike to understand the level of evidence required by FDA in order for that device to reach the U.S. market.
The FDA considers an item to be a medical device if it diagnoses, cures, mitigates, treats, or prevents a disease or condition; affects the function or structure of the body; does not achieve its intended use through chemical action; and is not metabolized. A device is assigned to a class (classes I-III) based on its complexity and the risk associated with its use. The class determines the regulatory path to market.
Class I devices are typically of simple design and low risk and are subject to general controls. Most are exempt from premarket submission. Examples of class I devices are most visual acuity charts, perimeters, and manual surgical instruments.
Class II devices carry a higher risk or are more complex and usually require submission to the FDA of a Premarket Notification, also known as a 510(k), demonstrating substantial equivalence to a predicate device. In addition to general controls, class II devices are subject to additional special controls that may include FDA guidance documents, special labeling requirements, and performance standards. Several examples relevant to glaucoma are slit lamps, tonometers, glaucoma implants for the refractory population, and lasers used for the reduction of IOP. Class II devices also include fundus cameras, direct and indirect ophthalmoscopes, SLO polarimeters, CSLO topographers, and OCTs.
Class III devices carry the highest risk and typically are life-supporting or life-sustaining, are for a use that is of substantial importance in preventing impairment of human health, or present a potential unreasonable risk of illness or injury. They are subject to general controls and require premarket approval (PMA). The application must contain sufficient valid scientific evidence to provide reasonable assurance that the device is safe and effective for its intended use. Examples in glaucoma are glaucoma implants (for the nonrefractory population) and viscoelastics.
The FDA's Dr. Kramm pointed out that there is no specific FDA guidance regarding the content of premarket submissions for GDx, HRT, or OCT; however, there are several applicable performance standards and FDA guidance documents to which a device sponsor can refer.
ADDITIONAL CONSIDERATIONS IN REGULATION OF DEVICES FOR ASSESSING STRUCTURAL ENDPOINTS
When considering structural endpoints, it is important to fully understand the capabilities and limitations of devices used for such assessments. The degree to which a structural endpoint may be useful for the evaluation of a therapeutic modality is dependent on the characterization and validation of the performance of the device for that assessment.
Basic validation of an instrument's ability to measure that which the sponsor claims requires nonclinical and/or clinical performance data. The sponsor should show precision and agreement meaning, respectively, variability among repeated measures and comparability of measurements between devices. When designing measurement validation studies, sponsors should refer to ISO 5725-2, which "amplifies the general principles to be observed in designing experiments for the numerical estimation of the precision of measurement methods by means of a collaborative inter-laboratory experiment, provides a detailed practical description of the basic method for routine use in estimating the precision of measurement methods, provides guidance to all personnel concerned with designing, performing or analyzing the results of the tests for estimating precision."
Another issue important to the FDA in the regulation of structural endpoint devices is the inclusion of a normative (reference) database in the software and how it is developed (i.e., sample size, effect of covariates, and a clear clinical definition of normal). Dr. Kramm emphasized that percentile bins do not necessarily equate to clinical decision limits for discrimination between disease and nondisease states-an important point when interpreting the results from devices with a normative database.
The ability of a device's software algorithm to track changes in structural parameters over time to detect disease progression is highly dependent on the precision of the device, and so it must be well characterized. It is important to note that clinically significant change, which does not necessarily equate to statistically significant change, is highly dependent on time lapse and other factors that may change over time and affect measurements.
The Indications for Use (IFU) statement in a premarket submission should be supported by performance data, and the level of data required is dependent on the statement. When a device is said to be an "aid in diagnosis," which is language commonly found in an IFU statement and in labeling, it is meant that the device is to be used in conjunction with other clinical assessments and not in a stand-alone capacity.
If a device is indicated to provide a measurement or is indicated generally as an aid in the diagnosis of diseases that affect the RNFL or optic nerve, performance should be characterized, at a minimum, by a measurement validation study in healthy subjects and those with representative diseases. The performance data should be included in labeling because it helps the user interpret the measurements provided by a device.
If a claim is made that the device can be used as an aid in the diagnosis of a specific eye disease, performance should be characterized via a diagnostic accuracy study. CDRH has guidance regarding statistics for reporting results from studies that evaluate sensitivity and specificity of diagnostic tests. 22 To ensure safe use of a device, labeling should include appropriate contraindications, warnings, and precautions. Manufacturers should remind device users about the importance of scan quality scores in the interpretation of data, and a minimum acceptable value should be specified. Users should also be informed about the limitations of the reference database study design (including covariates not accounted for), conditions in which measurements may be unreliable, and other variables that may influence the measurement (e.g., media opacity, peripapillary atrophy, extreme optic nerve size, and optic nerve tilt). The broader concern of the FDA in the regulation of these devices is that eye care providers understand the proper role of the device in their diagnostic paradigm and that the measurements not be misinterpreted, which could lead to improper patient management.
To summarize, the regulation of ophthalmic devices for assessing structural endpoints is commonly via the 510(k) path through a substantial equivalence comparison. FDA clearance of a device as a diagnostic tool should not be misinterpreted to mean that the device can be a stand-alone diagnostic modality for specific diseases.
See the sidebar for information about FDA approval of data collected outside the United States.
COMPARISON AND RECONCILIATION OF IMAGING TECHNOLOGIES
The imaging technologies OCT, stereophotography, SLP, and CSLO each have specific advantages and limitations in patient management and/or endpoints in clinical trials. OCT measures the intensity of reflected light from an interference pattern and calculates RNFL thickness based on cross-sectional images. SLP measures the thickness of the RNFL based on the birefringence of the layer. CSLO measures the intensity of reflected light at various depths and reconstructs a three-dimensional optic disc surface topographic image. OCT and SLP technologies are primarily assessing nerve fiber layer thickness in the peripapillary region of the optic disc. OCT and CSLO are used for examining optic disc morphology. SD-OCT further segments the retina by measuring the GCC as well.
Variability Measurements: CV, ICC, and RC
To distinguish true biological change (e.g., due to pathology such as glaucoma) from normal measurement variability, the amount of change measured must significantly exceed the normal test-retest variability. Several variability measurements are useful for comparing data about RNFL, optic disc, and GCC obtained from the different imaging technologies, particularly for detecting change over time. Useful variability measurements include coefficient of variability (CV), intraclass correlation coefficient (ICC), and the less well-known reproducibility coefficient (RC) or coefficient of reproducibility.
• The CV is the ratio of the within-subject standard deviation to the overall mean. It is useful for comparing the variability of different variables that are in different units of measure. It is expressed as a percentage; the lower the number, the better, meaning less variability.
• The ICC is a ratio of the between-subject variance to the total variance (within-subject variance and between-subject variance). It describes how much of the variance is due to between-subject factors versus within-subject factors. The higher the number, the lower the variability and the better the performance.
• The RC is a measure of the between-visit variability that can have direct clinical applications. The RC is defined as 2.77 times the average intervisit variability of within-subject standard deviation. 23 It is a useful clinical value because it describes the amount of change necessary to reach statistical significance. In other words, if the measured change exceeds the RC, it is statistically significant. The lower the value, the more sensitive the measure is for detecting significant change. This metric is used in studies as a way of quantifying and comparing test-retest variability. 24 -27 OCT Variability. In studies evaluating the CV among OCT measurements, from patients with and without glaucoma, taken in a single visit, interscan variability in the RNFL and GCC is very low. 24 -32 Studies measuring the CV for within-session variability also generally show values that are very low, indicating good repeatability. 26 -32 For within session repeatability, Tan et al. 30 found that the CV was 1.72 for normal subjects and 2.86 for glaucoma patients with TD-OCT and was 1.09 for normal subjects and 1.25 for glaucoma patients with SD-OCT. Gonzalez-Garcia et al. 28 showed that the CV was 2.33 and 2.26 in normal subjects and glaucoma patients with TD-OCT and was 1.54 and 1.9 for normal subjects and patients with SD-OCT, respectively. Similar values were found by others. 30, 31 SD-OCT is better than TD-OCT, probably because of its faster speed, a higher density of data sampled, and more accurate positioning. Variability in glaucoma patients is generally higher than in normal subjects. 26, 31 Studies in which within-session ICCs were used have also shown very good results. ICCs from various studies range from 0.89 for TD-OCT (Stratus; Carl Zeiss Meditec), to 0.99 for SD-OCT. 29 -33 Variability measures between examinations are generally slightly higher than those within re-examinations because of the potential for an additional source of variability (different day). Between-visit variability for ICCs and CVs has also been shown to be very good with OCT, and as for withinsession studies, SD-OCT tends to perform better than TD-OCT. [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] The most relevant measure for characterizing the ability of an OCT to detect progression is likely to be the coefficient of reproducibility (CR). Table 1 shows these values from several studies comparing TD-OCT with SD-OCT. First, it can be noted that the TD-OCT values were consistently worse (higher numbers mean more change is needed to be significant) than those obtained with SD-OCT. Second, a comparison of the values shows that the thickness change in the RNFL must be twice as much for TD-OCT as for SD-OCT (ϳ10 m for TD-OCT versus ϳ5 m for SD-OCT).
In summary, studies measuring OCT variability have found very good results, indicating both good repeatability (withinsession variability) and reproducibility (between-session variability). In addition, normal subjects tend to have better results than glaucoma patients, especially for TD-OCT. Also, SD-OCT results tend to be better than TD-OCT results. Not much work has been reported comparing the performance of the various SD-OCT devices. However, Seibold et al., 27 comparing the RCs for three different SD-OCT systems, found that the RC for the RTVue (Optovue, Fremont, CA) was 6.59 m, compared with 8.89 for Cirrus (Carl Zeiss Meditec) and 11.72 for Spectralis (Heidelberg Engineering). This single study cannot be taken to indicate a definite advantage for one type of SD-OCT over another, but it does underscore the fact that performance may not be the same, even within a given type of technology, let alone between different technologies. SLP Variability. Looking at the CV, ICC, and RC obtained in repeated measurements during a single session, using the GDx ECC technology (the newer generation SLP; Carl Zeiss Meditec), research shows that the within-session repeatability is very good. CVs are between 1.7% in normal subjects and 3.1% in patients with glaucoma. 35 ICCs have also been shown to be very good, with reports of 0.98 in normal subjects to 0.93 to 0.99 in glaucoma patients. 35, 36 Comparing CVs in studies of RNFL using SD-OCT and GDx, researchers found that the CV for SD-OCT was significantly lower, meaning more reproducible, than the CV for SLP.
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CSLO Variability. With the Heidelberg Retina Tomograph (HRT: Heidelberg Engineering), the between-visit ICC and CV have been shown to be good, especially in rim area and mean cup depth. 37 Strouthidis et al. 38 found that the CV ranged from 7% for rim area to 28% for cup shape, whereas the ICC ranged from 0.86 for cup shape to 0.97 for cup volume. Comparing between-visit variability of optic disc measurements from TD-OCT and HRT showed good reproducibility for both technologies for most parameters. The ICC for the rim area was significantly better for HRT than for TD-OCT (0.946 vs. 0.86; P Ͻ 0.001).
Correlating SD-OCT with TD-OCT
The correlation between TD-OCT RNFL thickness and SD-OCT RNFL thickness was investigated by Gonzalez-Garcia et al. 28 In general, they found good correlation: R 2 ϭ 0.81 in normal subjects and 0.86 in glaucoma patients. The same group found a slightly weaker correlation in optic disc measurements. Several other studies have found a similar result, that the TD-and SD-OCT measurements correlate highly, but there are absolute thickness differences between them, indicating that the measurements are not interchangeable. marketing application, a study that does not meet the conditions just described, it will examine data from such a study. 
Correlation of Imaging Technologies with Visual Field Outcome
Although all the imaging technologies operate on different principles and measure different structures, they all generally show good correlation with visual field outcome. 26, [42] [43] [44] Correlation between RNFL thickness and visual fields with TD-and SD-OCT are similar. For example, Sehi et al. 42 found similar correlation to visual field damage (pattern standard deviation; PSD) for TD-and SD-OCT (SD-OCT r ϭ Ϫ0.40 vs. TD-OCT r ϭ Ϫ0.37) 42 while Leung et al. 26 showed similar results with mean deviation, MD (SD-OCT R 2 ϭ 0.577 vs. TD-OCT R 2 ϭ 0.621). In addition, Bowd et al. 43 found that the correlation with visual field sensitivity was better for TD-OCT (R 2 ϭ 0.38) compared with either CSLO (R 2 ϭ 0.25) or SLP (R 2 ϭ 0.21). To summarize this comparison of imaging technologies, measurements using OCT, SLP, and CSLO to quantify the same structure generally show good reproducibility and correlate well with visual fields. However, the absolute values are very different, and measurements between technologies are not interchangeable. Even within OCT technology, significant differences are found between TD-OCT and SD-OCT. Differences between imaging devices, even in the same structure (e.g., RNFL), suggest that longitudinal studies must use the same technology for appropriate comparisons.
The reproducibility of these instruments suggests that small structural changes can be detected. The challenge is to identify a clinically significant change that is greater than that expected from normal aging and that is associated with future visual function changes.
OTHER CONSIDERATIONS IN COMPARING IMAGING TECHNOLOGIES
Comparing imaging technologies for detecting change related to glaucoma is challenging, for several additional reasons:
• There is no gold standard against which a new instrument can be held.
• Instruments vary in the structures that they assess (e.g., neural versus nonneural tissue), the criteria each uses to define change, their registration methods and segmentation algorithms, and the quality of images that they record.
• Change is population dependent, meaning it is influenced by factors such as age, disease severity, disc size, axial length, fluctuations in IOP, prior glaucoma-related surgery, and frequency of testing.
• Instruments and software are still evolving (improving), meaning that new structures or values constantly enter the picture.
Linda Zangwill, PhD, stated at the symposium that agreement between analysis strategies within an imaging instrument and across different instruments varies and can be influenced by factors such as image quality, age, axial length, and glaucoma severity. For example, among the technologies for evaluating glaucomatous progression, studies suggest that agreement between HRT topographic change analysis (TCA) and qualitative photographic assessment varies between 56% and 80%. 38, 39 Good evidence shows that HRT baseline parameters are interchangeable with photo cup:disc ratio in models designed to predict the development of glaucomatous change. [45] [46] [47] [48] [49] [50] [51] Using different imaging instruments, researchers have found consistent evidence of approximately a five times faster rate of thinning of the nerve fiber layer and rim area in progressing eyes (meaning those that are changing by stereophotograph based optic disc and/or visual field criteria) compared to nonprogressors. For example, TD-OCT revealed a rate of change in the RNFL that was five times faster in progressors than in nonprogressors and a rate of change in the average cup size that was four times faster than in nonprogressors. 21 Similarly, in an analogous patient population, rate of change in the SLP nerve fiber layer thickness, and CSLO rim area loss was about five times faster in eyes with detectable optic disc and visual field damage.
Comparisons within the same study population show SLP nerve fiber layer changes that are six times faster in progressing than nonprogressing eyes, yet no significant differences between the groups in CSLO rim area loss. The nonsignificance appears to be related to surgical interventions. When the researchers removed patients who had glaucoma surgery to reduce IOP from the analysis, the rate of HRT rim area loss was, indeed, significantly greater (three times faster) in the progressing eyes than in the nonprogressing eyes. Several studies, using HRT, have shown that topographic changes can occur with the lowering of IOP after trabeculectomy or medical treatment. Therefore, surgery may have led to more variability in the rim area measurements, making it more difficult to detect difference between progressing and nonprogressing eyes. As this example illustrates, in choosing endpoints in a clinical trial, it is not only important to understand the technologies, but also to understand other factors that influence measurements.
In terms of progressive optic disc damage relative to visual field loss, recent photo-based analysis shows that a patient with optic disc progression is nearly 26 times more likely than a nonprogressor to develop visual field loss. 8 Similarly, those with visual field progression, were approximately three times more likely to have HRT-documented topographic change than were those without visual field change. 44 These studies provide strong evidence that structural changes are predictive of future visual field loss in glaucoma.
Furthermore, there is close agreement between estimates of the number of retinal ganglion cell somas derived from visual field sensitivity and estimates of the number of retinal ganglion cell axons from TD-OCT data in experimental normal and glaucomatous monkey eyes and in human normal and glaucomatous eyes. Specifically, the model that Harwerth et al. 52 constructed from clinical studies of aging in normal eyes and in clinical glaucoma showed a strong correlation between retinal ganglion cell estimates from standard clinical perimetry and OCT (R 2 ϭ 0.94). The researchers further confirmed a relationship between RNFL thickness and visual sensitivities from clinical perimetry. The challenge is to understand how neural and nonneural tissue affects measurements and how abnormalities in structure and function correlate in progressive stages of glaucoma severity. 43 In summary, imaging instruments are not interchangeable. Patient and instrument factors influence agreement of instrument measurements. There is a consistent association between structural change and visual field deterioration, although it varies by the technique used, instrument factors (e.g., image and visual field quality and summary parameters evaluated), and patient characteristics such as age, IOP, and disease severity. The relationship between structure and function improves by measuring, characterizing, and reducing sources of variability.
In adopting structural measure as endpoints in clinical trials, it is important to understand the strengths and limitations of techniques and to assure that the quality of the data is good. For optimal results, instruments at all locations for a single study must be calibrated to each other, and the assessment of data must be standardized. Ultimately, the choice of technologies is likely to depend on the structure and structure-visual function relationship being studied. For example, SD-OCT analysis of nerve fiber layer thickness may be best for comparing structure-visual function, whereas CSLO measurements of the optic nerve head may be more important for analyzing long-term structural progression of glaucoma, but not necessarily visual function. Additional data are needed to confirm that one or another instrument is uniquely capable and to determine whether the more useful data will be that which replaces current visual function measurements or that which is complementary to visual function measurements.
David Garway-Heath, MD, found a high correlation between visual field sensitivity predicted from SLP images and visual field sensitivity that actually occurred. 44 The Pearson correlation coefficient comparing visual fields predicted from SLP images with measured visual field sensitivity was 0.81, which agrees very favorably with the correlation coefficient of 0.89 between visual fields measured twice in the same patients. Dr. Garway-Heath feels that additional studies are needed to compare cross-sectional and longitudinal measurements from other instruments to visual field measurements, since extracting correlations from the literature would be impossible.
In the opinion of Felipe Mederios, MD, PhD, the data suggest that all the devices are similar in terms of reproducibility of measurements. Further, he pointed out, complementary data are useful only if the information is beneficial to the patient and, because of the curvilinear relationship between structure and function over time, not all complementary data would be similarly useful at all stages of glaucoma progression. Structural changes are more readily observable in early disease; functional change is more readily observable later in the disease process.
In terms of rates of change of retinal structures in glaucoma, Dr. Leung reported that researchers in his laboratory do not see good agreement between the rate of change in the RNFL and in the optic nerve rim, 53 which suggests that detectable change is not parallel and that the synchronicity of change in the various structural components of the glaucomatous eye and in similar patients would have to be determined.
Dr. Chambers pointed out that (1) what is truly important to a patient is change that affects his or her life and (2) a correlation between patient-reported outcomes and visual field change and/or structural change would be a useful measure. However, many patients in clinical trials have very early disease and weak correspondence, if any, between structure and function. In other words, functional measurements are likely to be fairly flat while structure is undergoing change. Dr. Weinreb suggested that it may sometimes be useful to have clinical trial entry criteria that also include patients with later-stage disease who have a stronger correlation between structure and function. Among other advantages, by enrolling patients at a stage at which glaucoma is more advanced, the timeline and cost of longitudinal studies could be reduced.
Drs. Chambers and Eydelman emphasized the need for agreement to be spelled out and published on what-from a visual field perspective-constitutes disease progression in glaucoma. Over the years, as technology has improved, clinical trial parameters have shifted. For instance, the Early Manifest Glaucoma Trial (EMGT) change criteria were all based on the statistical program for the Humphrey Zeiss Perimeter (Carl Zeiss Meditec), which was not available for earlier trials. Researchers also tend to use different criteria based on clinical scenarios, some using event-based change criteria and others preferring trend criteria. Dr. Zangwill pointed out that researchers are moving toward using the EMGT criteria, made easier by software for calculating visual field event-based and trend-based change. Dr. Eydelman suggested that the glaucoma subspecialty should reach consensus to define and publish a scientifically based definition for progression in subgroups of patients. "We [the FDA] would be happy to look at it and to use it to move forward," continued Dr. Eydelman. That consensus could become the bar for showing a correlation between functional and structural measures in glaucoma, to demonstrate efficacy of a neuroprotective drug or device to the FDA.
A suggestion was made that NEI form a panel to establish standards against which trial data could be compared, much as the National Institute on Aging did in establishing definitions and consensus about progression in Alzheimer's disease.
Dr. Chambers continued: "There is a minimum threshold of change ('progression') that is clinically relevant to most patients [or subgroup of patients]. Once this progression is defined, you then know what manifestation of the disease is best to avoid. If this progression can be defined by a structural measure that is synonymous and/or closely related to this manifestation, then you are dealing with what is essentially a surrogate for that parameter."
Dr. Chambers explained further that, given that visual fields predict clinically significant visual deficits (i.e., visual fields are surrogates), as long as the structural metric is highly correlated with the visual field, it can also be used as a surrogate to predict clinically significant visual field progression. Risk versus benefit is also a primary FDA concern. Eva Rorer, MD, of the FDA Center for Devices and Radiologic Health discussed the agency's guidance document on the use of patient-reported outcome (PRO) measures in medical product development to support labeling claims. 54 The purpose of the PRO guidance is to emphasize that, when appropriate, the FDA does recognize the importance of the patient's perspective. It explains how the FDA reviews evidence that a PRO instrument measures the concept represented by a treatment benefit claim. (A 2009 NEI/FDA Endpoints Symposium specifically addressed the use of patient-reported outcomes in medical product development in ophthalmology. 6 ) A PRO instrument (i.e., a questionnaire) is a means of capturing PRO measurement data plus all the information and documentation that support its use. The instrument requires a development process to ensure that it is well defined and reliable. The "concept" being measured, such as a symptom or effect on a particular function, represents an aspect of how patients function or feel in relation to a health condition or its treatment.
ROLE OF PATIENT-REPORTED OUTCOMES
The evaluation of a PRO instrument used in a clinical trial to support claims in medical product labeling includes consideration of (1) qualitative evidence demonstrating the extent to which the instrument measures the concept of interest in the intended population (content validity) and (2) how closely the instrument measures matches the concept underlying the targeted labeling claim. Other measurement properties consid-ered in the review of a PRO instrument include construct validity, reliability, and ability to detect change.
In general, PROs are not currently used as primary effectiveness endpoints in clinical trials to support marketing of ophthalmic devices; however, they are often used in premarket studies as indicators of safety. They are also sometimes used as endpoints in postmarket studies.
With regard to new implantable glaucoma devices, the PROs of most interest to the FDA are potential side effects (e.g., pain or discomfort, foreign body sensation, droopy eyelid, dry eye, tearing, and red eye). However, to date, no PRO instrument has been fully validated to evaluate PROs related to implantable glaucoma devices. As an initial step toward the validation process, the FDA has entered into a collaborative agreement with the University of Michigan to analyze the relationships among the items of the Symptoms and Health Problems Chart questionnaire of the Collaborative Initial Glaucoma Treatment Study (CIGTS). 55 Dr. Rorer emphasized that the FDA recommends including PRO measures in clinical trials. The FDA encourages industry and academia to collaborate in developing well-defined and reliable PRO instruments that focus on the impact of treatment with glaucoma products. PRO instrument development should begin with an end in mind-the targeted labeling goals-and should begin early in medical product development. Finally, PRO instrument development documentation should include empiric evidence supporting content validity and other measurement properties in the intended clinical trial target population. Specific questions about PRO measures to support labeling claims should be directed to the appropriate product review branch of FDA.
SUMMARY
At this daylong NEI/FDA Glaucoma Clinical Trial Design and Endpoints Symposium planned collaboratively by the NEI, the FDA, and glaucoma experts, the researchers and clinicians described OCT, stereophotography, SLP, and CSLO criteria for identifying clinically significant structural change related to glaucoma progression and treatment that is greater than that expected from normal aging and is associated with future visual function changes. The FDA presented its position on using the structural metrics for detecting progression of glaucoma in clinical trials of glaucoma drugs and devices. The position of the FDA is that it is the responsibility of the glaucoma research community to establish definitions of glaucoma progression and consensus about structural-functional relationships that characterize early, moderate, and late stages of the disease. With that, the FDA would be willing to accept a structural parameter as the basis for an approval of a drug or device to treat glaucoma.
Dr. Chambers emphasized that any definition presented by the glaucoma community must have clinical relevance for the patient. Once researchers establish definitions empirically, the FDA will evaluate them. The FDA is also willing to consider drugs or devices for subgroups of patients with glaucoma. The agency reiterated its position from an earlier NEI/FDA clinical trial design and endpoints symposium that it will consider PROs as endpoints in clinical trials in ophthalmology. The key to using PROs is developing well-defined and reliable instruments. Similarly, the key to using structural endpoints in clinical trials of glaucoma is establishing an association with visual field measurements that the FDA already accepts as a surrogate functional metric that in turn strongly predicts a functional change that will be important in a patient's everyday life.
It is anticipated that using optic disc and retinal structural characteristics in clinical studies of drugs and devices for detecting and treating glaucoma progression will reduce the time and cost of clinical trials and the burden of vision loss related to glaucoma.
